Abstract. The angle-resolved resonant Auger spectrum of Xe is investigated with a record high meV energy resolution in the kinetic energy region of 34.45-39.20 eV at hν = 65.110 eV, corresponding to the resonant excitation of the Auger Xe * 4d −1 5/2 6p state. New lines have been observed and assigned in the spectra. The results of previous measurements concerning energies, intensities and angular distribution asymmetry parameters have been refined, complemented and, for some of the lines, corrected.
Introduction
Photoionization and photoexcitation studies of atoms and molecules and the investigation of the multiple decay channels available provide useful insights into one of the most fundamental properties of matter-its electronic structure. Photoinduced processes in the vicinity of the Xe * 4d −1 5/2 6p Auger transition may be considered as a showcase for various studies, both experimental and theoretical, providing rich information on electron correlations and dynamics of the photoionization and of the Auger decay. A wide range of experimental methods have been used to gain information on these processes, starting from pioneering works on the photoabsorption of Xe in the VUV (vacuum ultraviolet) range [1, 2] . Steady advances in synchrotron radiation (SR) technology, including sources and detectors, allowed extension of the investigation techniques applied to the resonant Auger decay of the Xe * 4d
5/2 6p state. Therefore, highresolution electron spectroscopy [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] has been enriched with the angular distribution [14] [15] [16] [17] [18] [19] [20] [21] and spin polarization [22] analysis of the emitted electrons, fluorescence measurements on the residual ion [23, 24] , electron-electron coincidences [25] and more recently angular correlation measurements between the resonant Auger and successive second-step electrons [26] . Utilizing the Auger resonant Raman effect and a 'Doppler reducing source' allowed us to dramatically improve the energy resolution in the electron spectra down to ∼10 meV [11] . Analysis of the spectator resonant Auger decay of the Xe * 4d −1 5/2 6p state to the Xe + 5p 4 6p states together with the polarization measurement of the subsequent fluorescence of the Xe + ion constituted a so-called 'complete' experiment allowing the extraction of the full set of Auger decay amplitudes, including their relative phases [27, 28] . A universal scaling of resonances phenomenon was also verified by this example [29] . Numerous theoretical predictions on the resonant Auger decay in the region of the Xe * 4d
5/2 6p transition were proposed in pace with the experimental developments [9, 10, 12, 21, 23, 24, [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . In addition, photoelectron correlation satellites Xe + 5p 4 ns, 5p 4 nd have also been studied in the VUV photon energy range, both experimentally and theoretically, as discussed in [41] and references therein.
In spite of a large number of studies on the resonant Auger decay of the Xe * 4d −1 5/2 6p state, not all of the final ionic states have been experimentally resolved and there are still sizeable discrepancies between experiment and theory in both relative intensities and asymmetry parameters for some of the emitted resonant Auger electrons. These inconsistencies can be at least partly attributed to limited (although high) electron kinetic energy resolution of the previous measurements. Previously obtained results with the best resolution so far, of ∼10 meV, are available only in a restricted range of electron kinetic energies of 36.4-37.3 eV [11] , also, in [11] ; the asymmetry parameters were not obtained and the angular acceptance was not well defined (55 ± 3
• ), which introduced large error bars for the relative cross-sections.
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The main purpose of the present work is to utilize the capabilities of the new dilute matter beamline PLEIADES [42] at the SOLEIL SR facility in France to obtain the most detailed analysis possible to date of the Xe * 4d −1 5/2 6p resonant Auger decay spectrum and of the angular distribution of the ejected electrons. Specifically, advantage is taken not only of an unprecedented energy resolution for both excitation and decay channels, but also of the possibility to change, in a controlled way, the degree and direction of the SR polarization. Here, we concentrate on the electron kinetic energies in the region of 34. 45-39.20 
Experiment
The experiments were carried out at the PLEIADES beamline at the 2.75 GeV French national SR laboratory SOLEIL. PLEIADES is a soft x-ray beamline dedicated to ultrahighresolution spectroscopic studies of dilute matter [42] . SR is generated through either of the two available insertion devices: a 256 mm period electromagnetic undulator (HU256) or an Apple II permanent magnet elliptical undulator with a period of 80 mm (HU80). In this study, the electromagnetic undulator has been used to generate horizontal and vertical linearly polarized light with the degree of polarization >99%. The beamline optics is based on an in-housedesigned modified Petersen plane grating monochromator with varied line spacing and varied groove depth gratings, the latter allowing us to keep the monochromator diffraction efficiency optimal for arbitrarily chosen photon energies within the operating range. In the present experiments, a high-resolution 2400 lines mm −1 grating has been used with a calculated ultimate resolving power of about 90 000 at 70 eV photon energy.
The electrons were collected using a wide-angle lens VG Scienta R4000 electron spectrometer, mounted at a fixed position with the electron detection axis lying vertical in the plane perpendicular to the x-ray beam propagation direction. The electron spectrometer is equipped with a differentially pumped gas cell allowing tunable compensation of the so-called plasma potentials [43] , associated with the electric field created in the interaction region by the gradient in ion density along the photon beam. Even with the plasma potentials tuned to obtain almost straight lines in the 2D image of the electron spectrometer position-sensitive detector, a certain curvature has still been observed. This was corrected for by autocorrelation methods. The measurements were carried out using 10 eV pass energy and a curved slit of 0.2 mm for the R4000 photoelectron spectrometer, while the monochromator exit slit was set to a width of 20 µm.
The total spectral linewidth is found to be about 11 meV from the fitting process. The lineshape used was a Voigt function, which allows for a better fit to any peak as compared with a Gaussian peak shape. A small Lorenzian contribution has previously been observed in high-resolution photoelectron spectroscopy [44] [45] [46] , implying that these data do not allow any extraction of lifetime broadenings. The Lorentzian broadening is negligible as compared with the Gaussian broadening (<1 meV). At these kinetic energies the Doppler broadening of the electron lines associated with the thermal motion of the sample's atoms at room temperature
, where E kin is the electron kinetic energy in eV, T the temperature in K and M the atomic mass [49] , is found to be ∼6.5 meV. The theoretical resolution of the electron analyzer is about ∼5 meV, giving an upper limit of ∼8 meV from the exciting SR. Since the bandwidth of the exciting photons (∼8 meV) is significantly smaller than 4 the lifetime broadening of the Xe 4d −1 5/2 6p state (∼111 meV [47] ), it is possible to achieve an energy resolution lower than the lifetime broadening due to the resonant Auger Raman effect; in this regime the width of the lines is no longer determined by the lifetime of the excited state [48] . The N48-grade xenon gas was obtained from Air Liquide with a stated purity of 99.998%.
Resonant Auger electron spectra have been obtained at the Xe 4d
5/2 6p resonance, i.e. at hν = 65.110 eV [47] . At this excitation energy, two sets of electron spectra have been recorded independent of the electrons emitted parallel (I 0 ) or perpendicular (I 90 ) to the electric vector of the linearly polarized light by adjusting the horizontal and vertical magnetic field components in the undulator. The photon beam intensity has been continuously monitored during the measurements using an x-ray photodiode placed behind the interaction region.
The photon beam intensity for the two polarizations has been recorded for normalization purposes using the same photodiode but without introducing the sample gas in the chamber. Moreover, the conservation of the transmission function of the electron spectrometer, as expected from a stable beam position when switching the polarization state of the light from horizontal to vertical, has been checked prior to the experiment, during the commissioning of the beamline [42] , by measuring asymmetry parameters for well-characterized atomic samples.
In the case of linearly polarized light, the differential photoionization cross-section for a given channel f can be written as
where in our case f denotes a final state of the Xe ion, σ f is the corresponding partial photoionization cross-section, β f is the corresponding asymmetry parameter, ϑ is the angle between the electron momentum and the polarization vector of the incoming light. One principle of angularly resolved electron spectroscopy is to record two independent sets of electron spectra with the electron emission axis parallel and perpendicular to the polarization vector of the light. The two sets of spectra have been normalized with respect to sample pressure, photon flux and acquisition time. It is then possible to extract both the electron asymmetry parameter β f = 2(I 0 − I 90 )/(2I 90 + I 0 ) and the isotropic cross-section σ f = (I 0 + 2I 90 )/3, where I 0 and I 90 are the integrated intensities of the electron lines corresponding to a given decay channel f , for every Auger electron emission channel.
Results and discussion
The entire resonant Auger spectra recorded in both the I 0 and I 90 configurations at a photon energy of 65.110 eV are displayed in figure 1 . Concentrating here on the high-energy part of the spectrum, figures 2-4 demonstrate the fine details observed for certain kinetic energy regions: 37.4-39.2, 36-37.3 and 34.2-35.9 eV. Figures 2-4 correspond well to the upper panels of figures 3-5 in [12] , respectively, and illustrate the quality of our spectra. Tables 1 and 2 summarize the energies of the observed lines in the electron spectrum, their relative intensities and the asymmetry parameters β f . We use the jK notation for the final Xe + states according to [50] . The errors given in tables 1-3 are error bars obtained from the fit. Additional small inaccuracies could be related to the degree of polarization, in the readout of the gas pressures, photon flux, mechanical stability of the monochromator, etc. • (top) and 90
• (bottom) polarizations with respect to the electric field vector of the incident light. The spectrum has not been corrected for the analyzer transmission which will be important for lower energies.
In tables 1 and 2, the energies and relative intensities of the Auger/photoelectron lines are compared with the most complete set of data available to date in this energy range from [12] . The intensities are normalized with respect to the strong isolated line at 36.902 eV. The energies are also compared with the values derived from an analysis of the optical data for Xe + [50] . As has been discussed in [12] , the odd-parity Xe + final states are populated via de-excitation of the Xe 4d −1 5/2 6p state with a minor role of direct photoionization in the excitation processes. Nevertheless, interference between the direct and resonant ionization channels can influence the asymmetry parameters in the resonant Auger decay even at a resonant excitation energy, as has been pointed out for atoms [51, 52] and more recently for molecules [53, 54] . In contrast, for the even-parity states the direct photoionization with excitation is dominant. Table 3 contains a comparison with other experiments and theoretical calculations for the spectator Auger decay into the Xe + 5p 4 6p states, where more detailed information has been obtained: data at high energy resolution [11, 12, 14, 21] and predictions of multiconfiguration intermediate-coupling Dirac-Fock calculations [33] [34] [35] and many-body perturbation theory with configuration interaction [23] . Tables 1 and 2 demonstrate that although our data are generally in good agreement with the previous measurements on the energies and intensities of the photoelectron lines [12] , some features in the spectrum, previously not well resolved, or unresolved, are now separated, and a number of new lines are now observed. Furthermore, the energies and intensities are obtained more reliably for those lines that were previously extracted by deconvolution of a few 2 Kinetic energy (eV) overlapping features. Most of the observed lines can be unambiguously identified, making use of the optical data analysis of Hansen and Persson [50] . In particular, we could observe 77 out of the 82 states of Xe + listed in this energy range [55, 56] . Thus, by deconvolution, we were able to resolve the lines marked as unresolved in [12] , at least two more 4f-lines, and so on. The integral intensities of the newly resolved lines in our spectrum are in good agreement with the unresolved data of [12] .
Our results on the asymmetry parameters for the lines from the spectator Auger decay (table 3) are generally in fair agreement with the results of [21] . We note a weak line ( 3 P 1 )6p [2] 5/2 , where both of the previous measurements [14, 21] showed positive numbers in sharp contradiction to existing theoretical calculations. Our data results in a small negative value, i.e. more consistent with theoretical predictions. For the first time, the asymmetry parameters for the final states ( 3 P 2 )6p assignment ( 1 S 0 )6p [1] 3/2 occur due to a redistribution of intensity owing to the final ionic state configuration interaction between the (5s5p) −2 6p and (5s5p) −2 4f configurations. These two lines are clearly resolved in our spectrum and the corresponding asymmetry parameters are equal within the experimental uncertainties, in contrast to the previous measurements [21] , which indicated quite different values of the asymmetry parameters. Other measurements [14] could give only the average β for those two lines because of the high sensitivity of the fitting procedure to even small changes in the positions and widths of the peaks.
There are several states where the uncertainty in the fit is large, for example ( 3 P 2 )6d . This uncertainty can be understood when it is realized that these three states are separated by a total of 5 meV, which makes the fit results quite inaccurate. It is to be expected that most of these uncertainties can be minimized by increasing the experimental resolution even further, for example by using molecular beam techniques to reduce the Doppler broadening, which nowadays represents one of the major causes of spectral broadening at a state-of-the-art soft x-ray spectroscopy beamline such as PLEIADES.
Conclusion
We performed angle-resolved photoelectron spectroscopy of the xenon atom at a photon energy of hν = 65.110 eV, corresponding to the photoexcitation of the Xe * 4d −1 5/2 6p state. The record high-energy resolution achieved at the PLEIADES beamline (SOLEIL) with variable polarization allowed us to observe and partly identify new lines in the spectrum in the region of 34.2-39.2 eV. The results of previous measurements of the energies, intensities and angular distribution asymmetry parameters have been refined, complemented and, for some of the lines, corrected. The experiment results call for an extended theoretical analysis, both in spectroscopy of the discrete states of the xenon ion and in the dynamics of the xenon photoionization and resonant Auger decay.
